Gonadotropin-releasing hormone (GnRH) vaccine (Improvac ® ) is effective at diminishing 28 boar taint by interfering with testis function. Early pre-pubertal vaccination at 10 and 14 29 weeks-of-age could be desirable if sufficient and sustained effect could be achieved. 30
Introduction 48 49
Incidence of boar taint, an off-odour in meat from some male pigs, is indirectly related to 50 testicular hormones and sexual maturity (Zamaratskaia and Squires, 2009) . Therefore, 51 surgical castration has for a long time been the standard method used to prevent taint in meat 52 from male pigs, despite being a subject of controversy. Dunshea et al. (2001) showed that 53 vaccination against gonadotropin-releasing hormone (GnRH) using Improvac ® on male pigs 54 raised for slaughter was successful in eliminating boar taint. The mode of action of the 55 vaccine is to provoke an immune response to endogenous GnRH by two subcutaneous 56 injections (primer and booster) of a synthetic GnRH analogue conjugated to a carrier protein 57 at least four weeks apart, with the second injection no later than four weeks prior to slaughter. 58
As a consequence of vaccination, the hypothalamic-pituitary-gonadal axis is disrupted, 59
follicle stimulating hormone (FSH) and luteinizing hormone (LH) are not released and thus 60 testicular dysfunction occurs. This vaccine has been further investigated in several controlled 61 studies (Hilbe et al., 2006; Jaros et al., 2005; Zamaratskaia et al., 2008a, b) , in which it was 62 found that vaccinated male pigs had reduced testicular weight and bulbourethral gland length, 63 and reduced plasma levels of the testicular hormones testosterone and oestrone sulphate. 64
65
A recently published study investigated the efficacy of Improvac ® on sexual maturity, 66 development of the reproductive organs, and the morphology of caudal epididymal 67 spermatozoa in male pigs slaughtered at 4, 16 and 22 weeks after the second vaccine injection 68 (Einarsson et al., 2009 ). None of the vaccinated male pigs was sexually mature at slaughter 69 with the proportions of sexually mature unvaccinated males being 50%, 100% and 100% 70 respectively. At all three slaughtering occasions, both testes weight and bulbourethral length 71 were significantly reduced in the vaccinated pigs. Vaccination also clearly disrupted the 72 Page 4 of 18 number and morphology of the interstitial Leydig cells. Spermatogenesis was affected to 73 various degrees in the vaccinated male pigs, from mild disruption to severe loss of germ cells. 74
The results indicated a suppressing effect of vaccination on testicular maturity for at least 22 75 weeks after the second vaccine injection. It remains to be studied whether such a sustained 76 effect might be obtained by early (pre-or early pubertal) use of Improvac ® . The rationale for 77 such study would be that the testis would be more dramatically and perhaps irreversibly 78 affected by an earlier vaccination against GnRH simply because it would hamper, among 79 other actions, testosterone stimulation of spermatogenesis. Leydig cells are not only 80 responsible for the production and storage of testosterone, but they also produce other 81 hormones and factors relevant for spermatogenesis and testicular function (Raeside et al., 82 2006; Ge et al., 2008) . Affected Leydig cells would result in a lack of available testosterone in 83 the testis and such an early depletion of testosterone levels in the testicular fluid would 84 strongly affect the ability of the epididymal epithelium to mature the spermatozoa. 85
86
To the best of our knowledge, no study has yet investigated whether the above presumed 87 effects on the reproductive organs and sperm morphology of male pigs can be elicited by an 88 early (pre-pubertal Sweden, 2 mL per dose). Pigs in the early vaccination group (group ii), were given their first 107 injection at age 10 weeks (69.0 ± 7.8 days; mean ±SD; live weight (LW) 28.0 ± 8.6 kg) and 108 the second injection at an age of 14 weeks (97.0 ± 7.8 days; LW 44.2 ± 10.8 kg). Pigs in the 109 standard vaccination group (group iii) were vaccinated according to the manufacturer's 110 recommendation: the first injection was given at age 16 weeks (112.0 ± 6.8 days; LW 60.6 ± 111 9.6 kg) and the second injection at age 20 weeks (140.0 ± 6.8 days; LW 85.4 ± 10.6 kg). Pigs 112 were raised in pens of eight. All pigs were fed the same commercial diet (12.4 MJ ME per kg, 113 digestible CP 13.5%) twice a day according to the standard feeding regimen for 114 growing/finishing pigs in Sweden (Andersson et al., 1997) . Pigs were weighed individually at 115 the start of the study then fortnightly until their final weighing one day prior to slaughter. 116
Slaughter was performed on two occasions per pen at a live weight of approximately 115 kg 117 (i.e. normal slaughter weight in Sweden; 117.2 ±9.4 kg; 177.8 ± 5.7 days). 118
119
The study was approved in advance by the local Ethics Committee on Animal Research, 120
Uppsala, Sweden ensuring compliance with EC Directive 86/609/EEC for animal 121 experiments.
Blood samples and testosterone analyses 124
Blood samples were taken by jugular venipuncture using vacutainer tubes from all pigs one 125 day prior to slaughter. Blood plasma was harvested and stored at -80 °C until analysed. Total 126 testosterone concentration was measured with radioimmunoassay procedures (Diagnostic 127
Products, Los Angeles, CA, USA) in 50-μl plasma aliquots, according to manufacturer's 128 instructions. The manufacturer reported a sensitivity of this assay of 0.04 ng/mL with an intra-129 assay CV of 4.0-18.0% and an inter-assay CV of 5.9-12.0%, depending on the testosterone 130 concentrations. 131 132
Examination post mortem. 133
Testes with epididymides and accessory sexual glands were removed at slaughter. 134
Reproductive organs were measured at the slaughterhouse. Testicular weight, as paired testes, 135 was recorded and the length of both bulbourethral glands was measured to determine the 136 average length of each pair of bulbourethral glands. Samples from the proximal and distal 137 testes, were fixed in a 2.5% solution of glutaraldehyde in cacodylate buffer (pH 7.2, 500 138 mOsm), paraffin-embedded and conventionally sectioned and stained with haematoxylin and 139 eosin for histology. The tubular diameter in each specimen was measured manually using an 140 ocular micrometer when examining the slides at 100× magnification. For examination of 141 sperm morphology, cauda epididymal content (cauda spermatozoa) was retrieved at the 142 slaughterhouse, and transferred to buffered formol saline (Hancock, 1957) . At the semen 143 laboratory, sperm morphology was evaluated by experienced laboratory assistants in wet 144 formol saline-fixed preparations (Bane, 1961) and in air-dried smears stained with 145 carbolfuchsin-eosin according to the method described by Williams (1920) and modified by 146 Lagerlöf (1934) . In the wet smears, 200 spermatozoa, when possible, were checked under a 147
Page 7 of 18 phase contrast microscope (1000× magnification). All abnormalities on any given 148 spermatozoon were counted and the overall frequencies were classified according to Bane 149 (1961) . For a more detailed examination of the sperm head, when possible, 500 spermatozoa 150 were checked in each stained smear under a light microscope at a magnification of 1000x. 151
Sperm head morphology was classified according to Lagerlöf (1934) . The morphological 152 abnormalities were expressed as a percentage of the total number of counted spermatozoa. 153 154
Statistical analysis 155
Statistical analyses were performed using the procedure GLM in SAS (SAS Institute, Cary, 156 N.C., USA, version 9.1). The model included the fixed effect of treatment (control, early 157 vaccination or standard vaccination). The level of testosterone in plasma was log-transformed 158 to normalize the distribution. Statistical significance was set to P<0.05. 159 160
Results 161 162

Reproductive organs 163
The effect of early and standard vaccination on testes weight and bulbourethral gland length 164 at slaughter is presented in Table 1 . Both testes weight and bulbourethral gland length were 165 reduced (P<0.001) after the second vaccine injection compared with the entire male pigs 166 (controls). Testicular size of standard and early vaccinated pigs decreased with 58% and 80%, 167 respectively (P<0.001 for both), compared with controls. Corresponding reductions for 168 bulbourethral lengths were 37% and 48%, respectively (P<0.001 for both). In early vaccinated 169 pigs, testes weight and bulbourethral gland length decreased with 53% (P=0.019) and 18% 170 (P=0.017) compared with standard vaccinated pigs.
Concentrations of testosterone in peripheral blood at slaughter 173
Testosterone concentrations, measured in peripheral blood plasma on the day prior to 174 slaughter, were lower in vaccinated pigs (0.04 and 0.05 ng/mL) compared to controls (1.4 175 ng/mL; P<0.001) ( Table 1 ). There was no significant difference in plasma testosterone 176 concentration between early and standard vaccinated pigs. 177 178
Testicular histology 179
Individual variation in testicular histology was present between control pigs, but their 180 testicular tissue showed mostly normal appearance in relation to presence, size and 181 distribution of typical eosinophilic Leydig cells (lc in Figure 1a´ and 1a´´) as well as 182 seminiferous tubuli. Spermatogenesis was fully developed in all controls at age 25 weeks 183 although some variation in size and degree of intact spermatogenesis was observed. That 184 variation was, however, to be expected for the age of pigs. 185
In vaccinated male pigs, testicular histology was clearly affected. Compared with controls, 186 tubular diameter was reduced by a mean of 18% in the standard vaccinated pigs and more 187 than 38% in the early vaccinated pigs (P<0.01). Together with an apparent reduction in the 188 size of the interstitium (compare Figures 1a to 1c) , such morphological differences are 189 reflected in the significant diminution of testicular weight (Table 1) 
. Vaccination with 190
Improvac ® clearly disrupted the number and morphology of the interstitial Leydig cells in the 191 standard vaccinated pigs and dramatically so in the early vaccinated animals (Fig. 1a-c´´ only Sertoli cells or a few spermatocytes (Fig.1c-c´´) . 201 202
Morphology of cauda epididymal spermatozoa 203
The morphology of spermatozoa collected from the cauda epididymides is summarised in 204 In accordance with earlier studies (Zamaratskaia et al., 2008b; Einarsson et al., 2009) , 221 standard vaccination with Improvac ® significantly reduced both testes weight and 222 bulbourethral gland length alongside with a change in the hormonal profile of male pigs at 223 slaughter, (Zamaratskaia et al., 2008b) . As far as we are aware, this is the first study 224 investigating reproductive tissues of male pigs vaccinated as early as at 10 and 14 225 weeks-of-age, before puberty or in early puberty. Considering that the response to Improvac cells and presumably a lack of GnRH production, effects that oppose those observed when 237
GnRH had been chronically administered in pre-pubertal male pigs (Dijkstra et al., 1988) . 
